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This progress report consists of two parts. They are:

1. Development of a stochastic broadband entropy wave generation model boundary
condition. The purpose of this model boundary condition is to provide support for an
investigation of indirect combustion noise generation in a military styled supersonic
nozzle by numerical simulation.

2. Analyze NAVAIR F-18E noise data. Special attention is focused on the difference
between the engine noise of this aircraft and the noise of a standard hot supersonic
laboratory jet.

Part 1. Development of a stochastic model entropy wave boundary condition

The task of the first year research of this project is to develop a stochastic
broadband entropy wave generation model boundary condition. This model boundary
condition is needed in the second year research on the generation of indirect combustion
noise in a military-styled nozzle. Figure 1 shows randomly distributed hot and cold blobs
convected into a nozzle by the mean flow. The mean flow is highly non-uniform in the
nozzle. It is known that the passage of hot and cold entropy wave blobs through a non-
uniform mean flow would lead to the generation of indirect combustion noise. Details of
the generation process, its effectiveness and its dependence on the geometry and flow
parameters of the nozzle are the subject of the second year research. In a numerical
simulation, the boundary condition on the left boundary of the nozzle in figure 1 is
responsible for generating the incoming random entropy wave field. We would like to
report that such a model boundary condition has now been developed.

Figure 1. A field of random entropy wave blobs entering the left boundary of a military-
styled nozzle.

A stochastic field is characterized only by it statistical properties. In using our
model boundary condition, one is allowed to prescribe the following single-point and
two-point statistics.



Single-point statistics

Figure 2 shows a mean flow in the x-direction. The y-z plane is perpendicular to
the flow. Once created, the random entropy wave field is convected downstream past the
y-z plane of figure 2. The temperature fluctuations at any instant of time is random in the

y-z plane. However, the time average of the square of temperature fluctuations, T’%, (an
overbar denotes time average) at any point is the same. It is a quantity that can be
prescribed by the user of the model boundary condition. In addition, our model allows the
user to specify the spectrum, S(f) , of temperature fluctuations at any point on the y-z

plane. Thus, the model boundary condition we have developed allows one to specify
single-point statistics T** and S(f).

Figure 2. The y-z plane is perpendicular to the mean flow in the x-direction. The flow
Mach number is M. The spatial cross-correlation function in the y-direction at a point in
the y-z plane is shown in the form of a bell shaped curve.

Two-point statistics

To characterize the size of the entropy blobs to be created, our model permits the
user to prescribe a two-point spatial correlation function of the fluctuating temperature in
each of the y and z directions at any point on the y-z plane. This is shown in figure 2. The
bell shaped curve is the two-point spatial correlation function in the y-direction. The half-
width of this function is, statistically, the average size of the entropy blobs.



Our stochastic model broadband entropy wave generation boundary condition has
been successfully tested. The tests consist of prescribing a value of T’> and a frequency
spectrum S(f). In addition, a two-point spatial correlation function in the form of a
Gaussian function in the y and z directions is also specified. The model is then used to

generate a random field of temperature fluctuations in space and time. The time histories
of temperature fluctuations at a number of selected points and along a line in the y-

direction are measured. These measured data are then processed to compute 77 and

S(f) as well as T’(x,y’,t)T’(x,y”,t)=F(x,y’—y”) , the spatial correlation function in

the y-direction. All these statistics are found to agree well with the corresponding input
values and functions. Figure 3 shows the temperature distribution in the y-z plane at a
particular instant of time in one of our tests. In this test, the mean flow at Mach number
0.3 enters the computational domain at 45° to the x-axis or parallel to the diagonal of the
computational domain.

Figure 3. A random field of entropy blobs generated by the model entropy wave
generation boundary condition developed in the present research effort.

We are in the process of carrying out a series of second level tests. In these tests,
our model boundary condition is applied only to the boundary regions of two-
dimensional simulations. A uniform inflow at a prescribed Mach number flows over the
entire computational domain. Initially, there is no entropy blob in the computational
domain. The entropy blobs are generated by the model boundary condition beginning at
time zero (see figure 4). The flow field and its convected entropy blobs are marched in



time using the DRP scheme. The computation continues until the entire computational
domain is filled by entropy blobs. Our plan is to measure T’(t) at selected points in the

computational domain. These time history data will be used to compute the intensity T'*,
the spectrum S(f) and the two point spatial correlation function F(x,y’—y”) . Once

these tests are completed, we will start our numerical simulation of indirect combustion
noise generation in a military-styled nozzle.

Figure 4. Entropy blobs generated by our stochastic model boundary condition. These
entropy blobs, once created at the boundary region, are convected downstream by the
mean flow.

Part 2. Analysis of the F-18E aircraft noise

In our last quarterly progress report, we concluded that at power setting of 80N2
and higher, jet noise is the dominant source of F-18E aircraft noise. In addition, at power
setting of 80N2 the dominant jet noise components are essentially the same as those of
standard high temperature supersonic laboratory jets. These jets have two dominant
sources of noise. They are the fine scale turbulence noise and the noise from the large
turbulence structures of the jet flow. Figure 5 illustrates the principal directions of
radiation of the two dominant noise components. The fine scale turbulence noise radiates
to the sideline and in the forward directions. The large turbulence structures noise is
primarily in the form of Mach wave radiation. It is confined to a Mach cone in the
downstream direction. Figures 6 and 7 show comparisons of the noise spectrum of the F-
18E jet noise measured at inlet angle of 77° and 141° and the similarity spectra. There are
reasonably good agreements. They support the contention that the dominant noise
components are basically the same as those of laboratory jets.



Figure 5. The two-noise source model of high-speed jets

Figure 6. Noise spectrum at 80N2 power setting in the direction of 65 degrees.



Figure 7. Noise spectrum at 80N2 power setting in the direction of 130°

Another conclusion of the preliminary report contained in the last quarterly report
is that the noise of F-18E aircraft at Mil and MaxAB engine setting is very different from
that of a laboratory jet. We have now performed a somewhat detailed analysis of the
noise spectra at these two higher power settings. Below is a report on some of the
characteristic features of the noise spectra at Mil and MaxAB power level.

A. Some characteristic features of the noise spectra in the forward and sideline
directions.

Upon examining all the available spectra, it is our conclusion that the dominant
noise components of the jet at Mil and MaxAB power level are the same except that the
intensities are higher at MacAB. In the forward and sideline directions, there is fine scale
turbulence noise. But it is not the dominant component. Figures 8, 9, 10 and 11 show the
noise spectra at inlet angle 31° 40° 54° and 77° at MaxAB engine setting. Included in
these plots is the fine scale turbulence noise similarity spectrum. Figures 12, 13, 14, and
15 show similar spectra at Mil power level. Clearly, the most dominant feature of these
spectra is a high intensity relatively narrow peak. The peak protrudes high above the fine
scale turbulence noise. The peak frequency varies with the direction of radiation. The
narrowness of the spectral peak and the increase in peak frequency with increase in the
angle of radiation (inlet angle) suggests that this noise component could be broadband
shock cell noise (they have the same characteristics). Shock cell noise is generated by the



interaction of the large turbulence structures of the jet flow and the quasi-periodic shock
cells as the former propagate downstream through the latter. In the F-18E jet, we are,
however, not sure if the peak is really created by turbulence-shock cells interaction. It
could be due to the interaction of entropy blobs and shock cells. A more in-depth study is
required to determine the underlying noise generation mechanism.

Figure 8. Noise spectrum at 31° at MaxAB power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.



Figure 9. Noise spectrum at 40° at MaxAB power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.

Figure 10. Noise spectrum at 54° at MaxAB power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.



Figure 11. Noise spectrum at 77° at MaxAB power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.

Figure 12. Noise spectrum at 31° at Mil power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.
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Figure 13. Noise spectrum at 40° at Mil power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.

Figure 14. Noise spectrum at 54° at Mil power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.
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Figure 15. Noise spectrum at 77° at Mil power setting. Dotted line is the similarity
spectrum of fine scale turbulence noise.

B. Some characteristic features of the noise spectra in the aft directions.

A careful review of all the noise spectra in the directions of 90° to 160° reveals
that the noise sources and radiation characteristics are quite different from those of
standard laboratory jets. A list of the most prominent features are summarized below.

(i) Evidence of two dominant noise components in the aft directions

Figure 16 shows the noise spectra at MaxAB for the directions of radiation from
125° inlet angle to 160° angle. It should be clear that the spectra exhibit two independent

peaks. The spectra of 6=125" 130°, 135° and 141°have a peak around 3 kHz. The
spectra of 6=145° 150° 155° and 160° have a peak at around 1.2 kHz. Figure 17

shows the corresponding spectra for 8=125° to 160° for the noise of the aircraft
operating at Mil power. Again there appears to be two peaks at similar peak frequencies
as those at MaxAB power.
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Figure 16. Noise spectra at MaxAB power at inlet angle 125° to 160° showing two
independent peaks.

Figure 17. Noise spectra at Mil power at inlet angle 125° to 160° showing two
independent peaks.
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Figure 18 shows the spectra at 8 =135°, 141°, 145° and 150° at MaxAB power.
The spectra at =135° and 150° clearly have a single dominant peak. On the other

hand, the spectra at #=141° and 145° have two peaks providing irrefutable evidence
that there are two dominant sources that radiate noise in the aft directions. Shown in

figure 19 are spectra at the four angles 6 =141°, 145°, 150° and 155° at Mil power. The

spectra at 6 =141° and 155° have double peaks. Again this suggesting strongly the at
Mil power, there are two dominant noise sources.

Figure 18. Noise spectra at four angular directions, 8 =135°, 141°, 145° and 150° at

MaxAB power level showing the transition from one dominant peak to the other
dominant peak.
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Figure 19. Noise spectra at four angular directions, 8 =141°, 145°, 150° and 155° at Mil
power level showing the transition from one dominant peak to the other dominant peak.

(2) Noise from the large turbulence structures of the jet flow

For standard hot supersonic laboratory jets, the dominant noise component is from
the large turbulence structures of the net flow. This is also true when the engine of the F-
18E aircraft operating at 82N2 power as reported before. We, therefore, expect one of the
two dominant noise component at MaxAB and Mil power is from the large turbulence
structures of the jet flow. Figures 20, 21, 22 and 23 are noise spectra at MaxAB power for
6=130°, 141°, 145° and 150°. Fitted to these spectra is the similarity spectrum of the
large turbulence structures noise of standard laboratory jets. The spectrum peak is at
approximately 300 Hz. Generally speaking, there is good fit in all the above case. We
also would like to report that there is similar good fit for 8 =125° and 6 =160° as well.
At Mil power, the similarity spectrum of large turbulence structures noise is also a good
fit to the noise spectra at =125 to 8 =160° with the peak frequency at again around
300 Hz. The good fit in all the cases we have data indicates that the noise from the large

turbulence structures of the jet flow remains a dominant noise component of the F-18E
aircraft.
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Figure 20. Comparison between measured spectrum at 130° at MaxAB power and the
similarity spectrum of the large turbulence structures noise of the jet flow.

Figure 21. Comparison between measured spectrum at 141° at MaxAB power and the
similarity spectrum of the large turbulence structures noise of the jet flow.
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Figure 22. Comparison between measured spectrum at 145° at MaxAB power and the
similarity spectrum of the large turbulence structures noise of the jet flow.

Figure 23. Comparison between measured spectrum at 150° at MaxAB power and the
similarity spectrum of the large turbulence structures noise of the jet flow.
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Figure 24. Comparison between measured spectrum at 135° at Mil power and the
similarity spectrum of the large turbulence structures noise of the jet flow.

Figure 25. Comparison between measured spectrum at 141° at Mil power and the
similarity spectrum of the large turbulence structures noise of the jet flow.
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Figure 26. Comparison between measured spectrum at 150° at Mil power and the
similarity spectrum of the large turbulence structures noise of the jet flow.

Figure 27. Comparison between measured spectrum at 155° at Mil power and the
similarity spectrum of the large turbulence structures noise of the jet flow.
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(iii) A high frequency noise component

In addition to the large turbulence structures noise, the noise spectra in figures 20
to 27 show the presence of a high frequency noise component that does not exist in
standard hot supersonic laboratory jets. This noise component has frequency higher than
that of the large turbulences structures noise. Most of the noise of this component shows
up in the frequency range of higher than 1,000 Hz. The level of this high frequency noise
component is highest at low inlet angle of radiation. It only appears in aft directions. The
maximum noise level reduces as the angle of radiation increases. At this time, we do not
know what is the source of this high frequency noise component. However, it is highly
possible that it is combustion related as it becomes most prominent when the engine is
operating at the highest fuel burnt rate.

Future research
Our research plan for the next quarter is to continue our research activities in the

development of a stochastic entropy wave generation boundary condition as well as
further analysis of the NAVAIR F-18E noise data.
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